The nonlinear transmission properties of hydrogenated amorphous silicon (a-Si:H) core fibers are characterized from the near-infrared up to the edge of the mid-infrared regime. The results show that this material exhibits linear losses on the order of a few dB/cm, or less, over the entire wavelength range, decreasing down to a value of 0.29 dB/cm at 2.7 μm, and negligible nonlinear losses beyond the two-photon absorption (TPA) edge ∼ 1.7 μm. By measuring the dispersion of the nonlinear Kerr and TPA parameters we have found that the nonlinear figure of merit (FOM NL ) increases dramatically over this region, with FOM NL > 20 around 2 μm and above. This characterization demonstrates the potential for a-Si:H fibers and waveguides to find use in nonlinear applications extending beyond telecoms and into the mid-infrared regime.
Introduction
Hydrogenated amorphous silicon (a-Si:H) is becoming an increasingly popular material for nonlinear silicon photonics due to its low transmission losses, high Kerr nonlinear coefficient n 2 , and low fabrication costs [1] . In addition, compared to crystalline silicon (c-Si), a-Si:H also has a larger bandgap energy (E g ∼ 1.7 eV), which suggests that the nonlinear absorption should be modest at telecoms wavelengths that are past the two-photon absorption (TPA) edge. However, in practice the values of the TPA parameter β TPA measured around 1.5 μm vary quite substantially, usually attributed to differences in the fabrication methods, with some groups reporting values that are lower than c-Si [2] , but most reporting values that are of a comparable size [1, 3] . Despite these variations in β TPA , the consistently higher values of n 2 of the a-Si:H material typically results in considerably larger values of the nonlinear figure of merit FOM NL = n 2 /β TPA λ [1, 3, 4] . Thus, to date, a number of important photonic functions have been demonstrated in a-Si:H waveguides in the near-infrared wavelength region including alloptical modulation [5, 6] , photon pair generation [7] , and parametric amplification [8, 9] . Although it should be possible to achieve even higher values of the FOM NL at longer wavelengths where TPA becomes negligible, there has yet to be any systematic studies of the wavelength dependence of n 2 and β TPA in a-Si:H. In contrast, studies in c-Si have recently shown that by operating past the TPA edge, very high parametric gains (over 50 dB) [10] and broadband supercontinuum [11] can be achieved.
In complement to the research that is currently being undertaken on-chip, we have been investigating a new class of a-Si:H core optical fiber that is fabricated using a high pressure chemical vapour deposition (HPCVD) method [12] . This method differs from the plasma enhanced CVD technique used for the fabrication of the on-chip waveguides, particularly in terms of the way that the hydrogen is incorporated, yet the resulting materials have similar nonlinear parameters [2, 4] . In addition, unlike some reports on-chip [3] , these a-Si:H fibers have exhibited excellent stability over several months of use, for input peak powers of hundreds of watts. Briefly, the deposition process is conducted by forcing a mixture of precursor gas (silane SiH 4 and hydrogen H 2 ) to flow through a silica capillary under high pressures (2 − 100 MPa), at temperatures between 360 − 440 • C. The high pressures increase the deposition rate at the low temperatures, which leads to incorporation of hydrogen via the incomplete decomposition of silane to silicon. The ability to incorporate amorphous semiconductor materials into the fiber geometry is a direct consequence of this low temperature deposition, and alternative high temperature fiber drawing methods have so far only been used to produce crystalline semiconductor core fibers [13] . We have previously reported on the nonlinear optical properties and the associated FOM NL of these a-Si:H fibers at the telecoms wavelength of 1.54 μm, and by exploiting the ultrafast β TPA and large n 2 , demonstrated all-optical modulation and wavelength switching schemes [6, 14] . These silicon-based fibers provide an important step towards integrating semiconductor functionality with conventional fiber infrastructures as well as allowing for the construction of robust devices with novel waveguiding properties [15] .
In this paper, we extend the characterization of our a-Si:H core fibers beyond the telecommunications window, and present the first measurements of the transmission properties of this promising material up to the mid-infrared (mid-IR) regime. A series of wavelength dependent measurements spanning ∼ 1.5 − 2.3 μm have been conducted using various continuous wave and short pulse laser sources to determine both the linear losses and the nonlinear transmission properties related to the β TPA and n 2 coefficients. This characterization provides useful information regarding the dispersion of the FOM NL in the vicinity of the TPA edge. The combination of the lower linear losses ( 1dB/cm) and the negligible nonlinear absorption for wavelengths > 1.7 μm indicate the potential for these a-Si:H fibers to find use for nonlinear applications in areas such as broadband and/or free-space communications, as well as some mid-IR gas sensing and medical applications.
Pulse propagation in a silicon optical fiber
The propagation of optical pulses in silicon core fibers can be described using a generalized form of the nonlinear Schrödinger equation (NLSE) that has been modified to account for the effects of TPA, and the TPA induced free carriers [16] :
Here A(z,t), β 2 , γ, α l , and σ f represent the slowly varying pulse envelope, group velocity dispersion (GVD), nonlinear parameter, linear loss, and the free carrier contribution, respectively. A complex nonlinear parameter is included to account for both the Kerr and TPA contributions:
where A eff is the mode area. Similarly, the free carrier contribution is also complex: σ f = σ (1 + iμ)N c , where σ is the free carrier absorption (FCA) coefficient and μ governs the free-carrier dispersion (FCD). The free carrier density N c is related to the TPA parameter and can be determined via the rate equation [16] :
where τ c is the carrier life time.
The aim of our investigations is to determine the wavelength dependence of α l , β TPA , and n 2 . As the material dispersion for a-Si:H is not well documented, we approximate this using the Sellmeier equation for c-Si [17] , and estimate β 2 (λ ) using finite element methods (FEM). The validity of this assumption is supported by previous work which has shown that these simulations are in reasonable agreement with interferometric measurements [18] . Furthermore, for the nonlinear absorption measurements we use fiber lengths that are much shorter than the dispersion length L D = T 2 0 /|β 2 |, and for the Kerr measurements we use high peak power pulses so that the nonlinear effects dominate, i.e., L NL = 1/γP 0 L D .
Characterization of the optical transmission properties

Experimental configuration
Our optical characterizations are based on transmission measurements in a 2.4 cm long a-Si:H fiber with a core diameter of 5.7 μm, that are conducted using the experimental setup shown in Fig. 1(a) . Different laser sources were employed to measure both the linear losses and nonlinear parameters over the broad wavelength range 1.45 − 2.3 μm, and will be described separately for each measurement. A variable attenuator was used to control the power coupled into the fiber from the different sources to access the high and low power regimes. The light was launched into the fiber core via free space coupling using a 40× magnification microscope objective lens, and a second 40× objective was used to capture the transmitted light and focus it onto a lead selenide (PbSe) detector or an optical spectrum analyzer (OSA). Two beam splitters (90/10) were placed before and after the fiber to capture, firstly, the reflected light from the input end face, and, secondly, the transmitted light from the output end face, which were monitored using two CCD cameras (CCD1 and CCD2). The use of these cameras ensured efficient coupling into the center of the core so that the fundamental mode was primarily excited [19] .
Linear propagation loss
The linear loss measurements were undertaken with two laser sources: (i) a Ti:sappire pumped femtosecond optical parametric oscillator (OPO) for the near-IR measurements spanning 1.45 − 2 μm and (ii) a continuous wave (CW) tunable Cr 2+ : ZnSe laser which covered the mid-IR wavelengths of 2 − 2.3 μm, as shown in Fig. 1(a) . The input and output powers were both monitored using power meters. In order to avoid the effects of nonlinear absorption when using the OPO, which had a pulse duration of 200 fs (FWHM) and a repetition rate of 80 MHz, the average launch power was kept below 100 μW. The losses were then determined using the cutback method, during which several sections were cut from the fiber so that the total removed length was 1.1 cm. The loss values over the entire wavelength range are shown in Fig. 1(b) . These results follow the same trend of decreasing loss for increasing wavelength observed in earlier measurements of the silicon core fibers [20] , and in this amorphous material the main contributions to the losses are likely to be a combination of scattering due to density fluctuations and some electronic absorption. These losses are some of the lowest reported for a-Si:H waveguides that are usually within the range: 1 − 10 dB/cm at telecoms wavelengths [21, 22] , and the value of 2.1dB/cm at 1.55 μm is the lowest we have measured in a a-Si:H fiber of several centimeters in length. To verify this value, additional measurements were conducted with a 1.55 μm CW diode, which returned the same loss, confirming that the nonlinear absorption was indeed negligible for the results taken with the OPO. Moreover, the losses in the range 2 − 2.3 μm are the first reported for this material in the mid-IR regime, and are all 1dB/cm, reducing to 0.62 dB/cm at 2.3 μm. Additional measurements undertaken at 2.7 μm (the limit of the Cr 2+ : ZnSe laser) revealed that the losses continued to decrease down to 0.29 dB/cm. We expect that the losses across the entire wavelength region could be reduced even further by improving the hydrogenation during the deposition, both in terms of concentration and uniformity, and this is a focus of our ongoing materials work.
Nonlinear absorption across the TPA edge
As the precise position of the TPA edge is not known for our a-Si:H material, we investigated the role of TPA for a range of wavelengths spanning half the theoretical bandgap energy of a-Si:H (E g /2 ∼ 0.85 eV) and up to the edge of the mid-IR region ∼ 2.15 μm. To access sufficiently high powers, for these measurements we only employed the femtosecond OPO. Furthermore, to minimize the effects of dispersion on the short pulses, we used a short piece of fiber (L = 0.47 cm) that was cut off during the characterization of the linear losses, which was considerably shorter than the dispersion length for all wavelengths (L D ∼ 1.44 cm at 1.55 μm). This allows for the neglect of dispersion during the propagation so that we can simply model the temporal evolution of the intensity profile under the influence of linear and nonlinear loss as [4] :
where I(z,t) = |A(z,t)| 2 /A eff , and N c is still determined via Eq. (2). The use of this simplified equation for the 200 fs pulses has been verified through a comparison with results obtained with a ∼ 1 ps (FWHM) telecoms fiber laser at 1.54 μm.
For each wavelength, the output power was recorded as a function of coupled input peak power and the results are plotted in Fig. 2(a) . For all wavelengths there is a linear dependence on the output power for low input powers < 50 W. However, at higher input powers, the data for the short wavelengths (i.e., 1.55 μm and 1.65 μm) begin to saturate due to nonlinear absorption. In contrast, the largely linear trend exhibited for the longer wavelengths indicates that TPA is essentially negligible in this regime. As a result, this data provides an indication of the TPA edge of our core material, which is likely to be in the region 1.7 μm, or E g ∼ 1.4 − 1.5 eV. We note that a similarly low value of the bandgap energy of a-Si:H has been measured via ellipsometry in Ref. [3] , and could be attributed to a change in material density due to the hydrogen content.
To establish the values of β TPA for each wavelength, we fit the experimental data by numerically solving the coupled equations (2) and (3), with the linear losses given in Fig. 1(b) . In this analysis we use τ c ∼ 100 ns, as determined via pump-probe measurements [6] , A eff = 13 μm 2 , which has been estimated from modal analysis and shown to be approximately constant over the entire wavelength range [4] , and σ (λ ), as calculated via the Drude model using the parameters for a-Si:H in Ref. [1] . The corresponding values obtained for the TPA parameter are plotted in Fig. 2(b) as a function of wavelength. These results show that β TPA initially drops sharply from 0.70 cm/GW down to 0.28 cm/GW as the wavelength increases through the telecoms window (1.55 − 1.65 μm), then eventually begins to plateau at a negligible value of 0.05 cm/GW as the wavelength approaches the mid-IR regime (1.95 − 2.15 μm). This trend of decreasing β TPA is as we would expect for wavelengths near the TPA edge, and specifically, we would also expect this to drop to zero for photon energies smaller than E g /2, where the sum of the energies of two photons is no longer sufficient to span the bandgap. Here we attribute the non-zero values of β TPA at the longer wavelengths, beyond the estimated TPA edge, to the exponential Urbach tail that extends the absorption edge of disordered materials, so that some TPA exists below the half bandgap [23] . Furthermore, although the value of β TPA obtained at 1.55 μm is consistent with our previous reports in a-Si:H core fibers [6] , as well as with other a-Si:H waveguides in the literature [3] , as previously mentioned there is generally quite a variation in the measured TPA parameters for materials fabricated via different processes [2] . Thus, we anticipate that the position of the TPA edge may be tuned through the material deposition parameters to shift the region of low nonlinear loss to shorter wavelengths, and this is currently the subject of further investigations.
SPM induced spectral evolution
To complete our characterizations, a series of experiments were conducted to study the spectral broadening induced by self-phase modulation (SPM) and determine the values of the Kerr coefficient n 2 over this wavelength range. As in the nonlinear absorption measurements, for these experiments we only used the high peak power femtosecond OPO for the input source, but this time we monitored the output via a long wavelength OSA (Yokogawa AQ6375) covering 1.2 − 2.4 μm. The measured SPM spectra are shown in Fig. 3 over a selected range of input wavelengths from 1.55 − 2.15 μm, for propagation over the complete 2.4 cm length. For each central wavelength, the output transmission spectra are recorded at two input peak powers, as designated by the legends. Here, the results obtained with low input powers are essentially (1) and (2) . Inset (top left): SPM spectrum generated in the a-Si:H core fiber using a ∼ 1 ps fiber laser centered at 1.54 μm.
free from nonlinear propagation and are included as an indicator of the bandwidth of the input pulse, and thus as a means to determine the size of the initial negative frequency chirp on our pulses which are not transform-limited. The chirp was not found to vary dramatically over this wavelength range, and had a value of C ∼ −0.9 at 1.55 μm for an input Gaussian of the form
, as determined from a comparison between the measured autocorrelation trace and a fit to the input spectrum which had a FWHM bandwidth of Δλ ∼ 23 nm. The high power results are then used to illustrate the strong spectral broadening due to the large Kerr nonlinearity of the a-Si:H core material [4] , with bandwidths of more than 200 nm obtained for all wavelengths below 2.05 μm. We attribute the limited spectral broadening seen for wavelengths above 2 μm to the increased coupling losses (from 0.6dB at 1.55 μm up to 3.8dB at 2.1 μm) and the lack of output power as we move towards the edge of the tuning range of the OPO, and would expect to see proportionally larger bandwidths for 'hundreds of watts' input powers as used for the shorter wavelength measurements. It is also worth noting that the lack of clear SPM induced modulation on these spectra is in part due to the initial chirp and the noise on the input OPO spectra, but also due to the strong dispersion experienced by the femtosecond pulses. For comparison, the inset in the top left-hand corner of Fig. 3 shows the corresponding spectral broadening generated using the ∼ 1 ps (FWHM) telecoms fiber laser, where the classic SPM shaping can be clearly observed. The size of the Kerr coefficient for each central wavelength can then be established by fitting the spectral broadening with the solutions to Eqs. (1) and (2), obtained with the predetermined loss parameters. The corresponding values of n 2 are plotted in Fig. 4(a) , which shows that as the input pulse wavelength is shifted across the TPA edge the n 2 value first increases slightly up to a value of 1.75×10 −13 cm 2 /W at 1.75 μm, then drops to a modest value of 1.2×10 −13 cm 2 /W at 2.15 μm. This trend is as we would expect from the nonlinear Kramers-Krönig relation, where the values of n 2 are expected to peak around the TPA edge, as similarly observed in c-Si around 2.2 μm (E g /2 ∼ 0.56 eV) [24] . We note that the larger error bars for longer wavelengths are due to the smaller broadening factors associated with the lack of available coupled power at these wavelengths.
As a final step, we have used our values of the nonlinear parameters β TPA and n 2 to investigate the dispersion of the FOM NL , plotted in Fig. 4(b) . This figure clearly shows that despite the decrease in n 2 at the longer wavelengths, the dramatic reduction in β TPA results in a monotonic increase in the FOM NL . Thus, although the value of the FOM NL at 1.55 μm for this a-Si:H core material is comparable to what we have reported before ∼ 1.6, it increases rapidly to ∼ 10 for the peak value of n 2 at 1.75 μm, then even further up to ∼ 28 at the longest wavelengths. It is important to note that whilst the validity of this figure of merit could be questioned beyond the TPA edge, it has been applied to the long wavelengths based on the non-zero values of the TPA parameter, and provides a clear indicator of the advantage of moving into a regime of low nonlinear loss. Thus these results show that with a complete picture of the FOM NL in the a-Si:H material, it is possible to access regimes of very highly nonlinear propagation, and thus it should be suitable for nonlinear applications around the 2 μm regime.
Conclusion
We have characterized both the linear and nonlinear transmission properties of our a-Si:H core fibers from telecoms wavelengths, across the TPA edge, and up to the edge of the mid-IR regime. The dispersion curves obtained for the TPA and Kerr nonlinear parameters are in good qualitative agreement with the Kramers-Krönig transformations, and highlight the advantage of working in the vicinity of the TPA edge, where we have obtained some of the highest values of the FOM NL for this material to date. The results suggest that a-Si:H waveguides are a viable platform for nonlinear applications extending beyond telecoms, and into the short wavelength end of the mid-IR regime where applications include free-space communications, gas detection and medical diagnostics. We expect that continued efforts to understand the properties of this highly nonlinear material will help establish its use in wide ranging areas of research.
